Summary. Forskolin induced biphasic responses of cumulus progesterone secretion (determined by RIA) and cumulus mass expansion, with maximal increases occurring at 6\m=.\25 \g=m\m, and subsequent dose-dependent declines observed up to 10 \g=m\m-forskolin.
Introduction
The diterpene, forskolin, has been used in several recent studies to investigate the role of cyclic adenosine monophosphate (cAMP) in the regulation of meiotic maturation in mammalian oocytes (reviewed by Racowsky, 1984) . Since this drug rapidly and reversibly stimulates the catalytic subunit of adenylate cyclase  Seamon, Padgett & Daly, 1981) , it allows precise manipulation of intracellular levels of cAMP (Moriwaki, Itoh, Iida & Ichihara, 1982;  Herrmann, Baulieu & Schorderet-Slatkine, 1983) , hamster (Racowsky, 1985) and rat (Olsiewski & Beers, 1983) are all able to synthesize cAMP, the rat oolemma appears not to possess sufficient active catalytic subunits of adenylate cyclase to stimulate adequate cAMP production to maintain meiotic arrest (Racowsky, 1984) . Additionally, in contrast to murine cumulus-cell cAMP (reviewed by Eppig & Downs, 1984) , that of rat (Racowsky, 1984) and hamster (Racowsky, 1985) may well be transferred to the oocyte. While a decline in metabolic coupling has been correlated with reversal of forskolin-dependent meiotic arrest in the rat (Racowsky, 1984) and hamster (Racowsky, 1985) , no such relationship has been established for the mouse (Eppig & Downs, 1984) . These varied results suggest that there may be marked species differences in the way in which mammalian meiotic maturation is regulated. In the present study, the hypothesis of Dekel & Beers (1978 was tested for the pig oocyte using forskolin and a culture system very similar to that previously described for the rat (Racowsky, 1984) and hamster (Racowsky, 1985) . Furthermore, since cAMP stimulates cumulus expansion (Dekel & Kraicer, 1978 ;  Salustri & Siracusa, 1983) and progesterone production by cumulus cells (Hillensjö, Magnusson, Svensson 8c Thelander, 1981;  Racowsky, 1983) , the action of forskolin upon these two aspects of cumulus-cell physiology also was investigated.
Materials and Methods
Collection of oocytes. Reproductive tracts were collected from a local abattoir within 1 h of slaughter. The ovaries from at least 8 gilts provided oocytes for an individual experiment. Oocytes were routinely collected from medium-sized antral follicles (3-5 mm diam.) as previously described (Rice & McGaughey, 1981 ; Racowsky, 1983) . Only oocytes with an intact, tightly adherent mass of cumulus cells were selected for subsequent experiments. Cumulus-free (denuded) oocytes were obtained by mechanically removing cells from cumulus-enclosed oocytes with a small-bore pipette (Hillensjö, Hamberger & Ahren, 1975) . All oocytes were washed 3 times in the appropriate medium before culture. In experiments in which the responses of cumulus-enclosed and denuded oocytes were examined, the former oocytes were obtained from one ovary and the latter from the contralateral ovary. The collection of oocytes and preparation of cultures was usually completed within 1-5 and 2 h. Culture procedures. Cultures were maintained in wells of Lab-Tek chamber slides (No. 4838) in 0-2 ml medium under 5% C02, 5% 02 and 90% N2 in a desiccator at 37°C. The complex medium of Tsafriri & Channing (1975) was used exactly as described previously (Racowsky, 1983 (Rice & McGaughey, 1981) . Oocyte maturation was scored cytogenetically (McGaughey, 1977) , and classified as described previously (McGaughey & Polge, 1971; Rice & McGaughey, 1981) .
Measurement ofmetabolic coupling. Metabolic coupling was assessed using the assay system of Moor, Smith & Dawson (1980) and procedures identical to those described for the rat oocyte (Racowsky, 1984) . Preliminary experiments showed a concentration-dependency for uptake of marker into cumulus-enclosed oocytes; while the uptake was directly proportional to the concentration of uridine over the range 1-8 µ , there was a tendency to plateau at higher concentrations (8-60 µ ) (data not shown). A dose of 8 µ therefore ensured that the uptake and/or metabolism of uridine took place at near-maximal rates. During the first hour of culture in medium containing 8 µ -uridine, denuded oocytes took up approximately 7% of the total amount of marker taken up by cumulus-enclosed oocytes (9-8 ± 0-8 and 137-2 ± 6-7 pmol/oocyte, respectively; = 5 for both).
Determination of cAMP by radioimmunoassay. Cyclic AMP was measured by radioimmunoassay using RIA kits (New England Nuclear) and procedures identical to those previously described (Racowsky, 1984) . The cAMP content of oocytes previously cultured within their cumulus masses was not distorted by cumulus cell contamination since there was no significant difference between the amount ofcAMP(fmol) in unwashed (145-4 ± 41-8;w = 4) and washed (121-7 ± 23-7;n = 4) oocytes after denudation following culture for 20 h in medium containing 50-0 µ -forskolin.
Determination of progesterone synthesis. Aliquants of medium were assayed for progesterone content without extraction, using a validated assay system, with a sensitivity of 25 pg, as previously described (Racowsky, 1983) . The antibody was obtained from Dr G. D. Niswender (No. 337 antiprogesterone-11-BSA serum). The within-and between-assay coefficients of variation, derived from 9 assays were, respectively, 5-5% and 6-8% as calculated from the standards and 5-7% and 7-0% as calculated from quality control samples run with each assay.
Statistical analyses. The cytogenetic data were analysed by the Duncan multiple ranges test using the SPSS computer program (Duncan, 1955 ; ie, Hull, Jenkins, Steinbrenner & Brent, 1975 ;  McGaughey, 1978) after transformation to angles as previously described (McGaughey, 1978 Cumulus expansion and progesterone secretion were assessed after culture of cumulus-enclosed oocytes for 27 h in medium containing forskolin (0-100 µ ). In addition, the meiotic status and cAMP content of cumulus-enclosed and denuded oocytes were determined. Cumulus expansion was scored as partial (dispersion limited to peripheral cells of the cumulus mass) or total (cellular dispersion throughout the mass) upon microscopical examination at 120 magnification. The proportion of cultured cumuli exhibiting any expansion (i.e. partial + full) was significantly increased from 15-1 ± 3-9 to 38-9 ± 7-3% by 0-01 µ -forskolin and rose to a maximum of 89-9 ± 5-8% with 6-25 µ -forskolin (Text- fig. 1 ). Thereafter, total cumulus expansion significantly declined with forskolin dose and reached a zero value at 100 µ -forskolin. Nevertheless, the proportion of fully expanded cumuli of the total number of cumuli exhibiting any expansion significantly decreased over the entire range of forskolin tested (r = -0-853, < 0-001). Therefore, compared with cumuli before culture (PI. 1, Fig. 1 ), very few cumulus masses were expanded after culture in control medium (PI. 1, Fig. 2 ), the great majority were either partly (marked by arrow) or fully expanded after culture in medium containing 3-125 µ -forskolin (PI. 1, Fig. 3 ), but all cumuli remained completely unexpanded after culture in the presence of 100 µ -forskolin (PI. 1, Fig. 4 The effect of forskolin on pig cumulus expansion. Oocyte-cumulus complexes were cultured for 27 h in control medium (Fig. 2 ) or medium containing 3-125 µ -forskolin (Fig. 3 ) or 100 µ -forskolin (Fig. 4) . Compared with uncultured cumuli (Fig. 1) , little cumulus expansion, but considerable cumulus cell outgrowth and attachment, was evident after culture in control medium ( Fig. 2) . In contrast, the majority of cumuli cultured in the presence of 3T25 µ -forskolin exhibited either partial (arrow) or full expansion (Fig. 3) . Expansion was totally inhibited by 100 µ -forskolin (Fig. 4) . fig. 4 ), and a significant positive correlation was established between the amount of cAMP within groups of cumulus masses and that in the corresponding group of enclosed oocytes (r = 0-58, < 0-01). There was no significant difference between the cAMP content of cumulusenclosed and denuded oocytes after culture in medium containing < 10 µ -forskolin. There was a marked increase, however, in the levels of cAMP in cumulus-enclosed oocytes after culture in 100 µ -forskolin (P < 0001, paired t test).
The extent of heterologous coupling was determined in oocyte-cumulus complexes after 27 h culture in forskolin (0-100 µ ). For the final hour of culture, complexes were incubated in medium containing the same concentration of forskolin and radiolabelled uridine (8 µ ). While the uptake of uridine marker into cumulus cells was inhibited by doses of forskolin > 10 µ , the proportion of 
Series 2
The increased sensitivity of cumulus-enclosed oocytes to forskolin was dependent upon the presence of cumulus cells adherent to the oocyte and was correlated with elevated intra-oocyte cAMP (Table 2) . When denuded oocytes were co-cultured with free cumulus cells for 24 h in the presence of 50 µ -forskolin, there was no significant difference in the % GV as compared with that of oocytes cultured in the absence of cumulus cells (71-9 and 73-2% GV, respectively; Table 2 ). By contrast, significantly more cumulus-enclosed oocytes remained arrested (94-6% GV) under the same culture conditions. There were no significant differences in the proportion of degenerate GVs (McGaughey, Montgomery & Richter, 1979) amongst any of the groups of oocytes. The cAMP content of cumulus-enclosed oocytes was significantly enhanced compared with that of denuded oocytes cultured with or without free cumulus cells (P < 0001, both, paired t test). The intra-oocyte cAMP content was the same in both groups of denuded oocytes (P > 0005, paired t test). Furthermore, there was no significant difference between the amount of cAMP in cumulus cells cultured for 24 h as a mass surrounding the oocyte or as dispersed cells (P > 0-05, paired / test). 
Series 4
A series of experiments was undertaken to determine the meiotic status and cAMP content of cumulus-enclosed and denuded oocytes after culture for various periods of time (0-48 h) in the presence of 50 µ -forskolin. There were no significant differences in the proportion of GVs amongst any of the groups of cumulus-enclosed oocytes (Table 5 ). Amongst the denuded oocytes, there were significantly more GVs in the 6-h group than in any of the other groups but there was no further decline in the proportion of GVs during the subsequent 42 h of culture (Table 5 ). The cAMP 95-6 ± 3-la 95-8 ± 2-3a 87-8 ± 5-1" 90-8 ± 5-3a 840 ± 5-4a 0-40 + 0-05a 0-34 ± 008a 009 ± 0-02" 006 ± 001" 002 ± 0-00" 1 60 ± 017a 0-53 ± 015" 0-29 ± 009" 0-42 ± 006" 0-31 ± 007" 31 31 28 29 29
96-7 ± 2-2"
76-5 ± 10-2" 69-1 ± 5-0" 74-6 ± 9-3" 69-1 ± 1-4"
11-04 ± 2-31a 2211 ± 6-91a 411 ± l-16a 2-27 ± 0-82a 3-80 ± 105a
Cumulus-enclosed or denuded oocytes were cultured for up to 48 h in the presence of 50 µ -forskolin and were scored for % GV (4 and 3 replicates for cumulus-enclosed and denuded oocytes, respectively) or assayed for cAMP content (4 replicates). (0-48 h) in control medium or in medium containing 50 µ -forskolin. In both treatment groups, heterologous metabolic coupling significantly increased between 1-5 and 6-0 h of culture (control: < 0-01 ; 50 µ -forskolin: < 0-001 ; paired t tests) but progressively declined between 6 and 48 h of culture (Table 6 ). Compared with control groups, forskolin significantly inhibited uptake of marker by cumulus cells cultured for 36 h but significantly increased metabolic coupling during the first 12 h of culture.
Discussion
This study has examined the effect of forskolin upon the following 5 aspects of oocyte-cumulus physiology in the pig: progesterone secretion, cumulus mass expansion, meiotic status, oocytecumulus cAMP content and heterologous metabolic coupling. The results show that the diterpene induced biphasic responses of progesterone secretion and cumulus mass expansion, maximal increases in both measures occurring at 6-25 µ , with subsequent dose-dependent declines up to 100 µ -forskolin. While forskolin (0-100 µ ) induced dose-dependent increases in the % GV and the cAMP content of cumulus-enclosed and denuded oocytes, the effects were more marked on cumulus-enclosed oocytes. This increased meiotic sensitivity to forskolin of cumulus-enclosed oocytes was dependent upon adherent cumulus cells and correlated with elevated intra-oocyte cAMP. Forskolin-dependent meiotic arrest of cumulus-enclosed and denuded oocytes was maintained for at least 48 h and maintenance of arrest by forskolin after 24 h culture was reversible. In addition, forskolin induced a dose-dependent increase in heterologous metabolic coupling although the drug significantly inhibited uridine uptake by cumulus cells.
The observation that forskolin stimulated porcine cumulus expansion (Text- fig. 1 ) is consistent with previous results indicating a central, regulatory function of cAMP in this process (reviewed by Eppig, 1980) . Thus, gonadotrophins (Dekel &Kraicer, 1978; Eppig, 1979 Eppig, ,1980 Dekel, Hillensjö & Kraicer, 1979; Bae & Channing, 1981 ; Salustri & Siracusa, 1983) and dbcAMP, but not dbcGMP or dibutyrate (Dekel & Kraicer, 1978; Eppig, 1980) , have been shown to induce cumulus expansion. The fact that low doses of forskolin (up to 6-25 µ ) induced dose-dependent increases in overall cumulus expansion and meiotic arrest of cumulus-enclosed oocytes supports the previous conclusion of Eppig (1979) that oocyte maturation is not a prerequisite for cumulus expansion. Nevertheless, at doses of forskolin above 6-25 µ , cumulus expansion declined in a dose-dependent manner (Text- fig. 1 ).
That forskolin stimulated progesterone secretion by porcine cumuli (Text- fig. 2 ) is consistent with several studies in which forskolin was shown to be a potent activator of progesterone secretion in intact follicles (Ekholm, Hillensjö, Magnusson & Rosberg, 1984) and membrana granulosa cultures (Asem & Hertelendy, 1983; Hoyer, Fitz & Niswender, 1984; Ranta, Knecht, Darbon, Baukai & Catt, 1984) . Nevertheless, while forskolin (0-100 µ ) stimulated a dose-dependent increase in cumulus cell cAMP (Text- fig. 4 ), the diterpene induced a biphasic response of progesterone secretion (Text- fig. 2 ) with maximal secretion of progesterone occurring at 6-25 µ . Taken together, these results indicate a dissociation between cumulus-cell cAMP production and progesterone secretion and suggest that, in this culture system, progesterone secretion may be regulated by some mechanism(s) in addition to that attributable to elevated amounts of cAMP. While other studies have revealed a marked disparity between steroidogenesis and cAMP formation during hormone action (reviewed by Sala, Dufau & Catt, 1979) , in direct contrast to the present findings, the previous studies reported a full steroidogenic response with little or no detectable change in cAMP (Beali & Sayers, 1972; Mendelson, Dufau & Catt, 1975) . The extent of metabolic coupling between the oocyte and cumulus mass gradually increased up to 10 µ -forskolin, with a dramatic rise induced at 100 µ -forskolin (Table 1) . These findings may reflect a toxicity by forskolin on cumulus-cell metabolism since 100 µ -forskolin markedly suppressed uridine uptake by cumulus cells (Table 1) . Inconsistent with this possibility, however, is the striking increase in cumulus cAMP production induced by 100 µ -forskolin (Text- fig. 4 ). The mechanisms mediating the forskolin modulation of heterologous coupling reported in pig oocytecumulus complexes remain to be determined. However, since a significant positive correlation existed between the cAMP content of cumulus cells (Text- fig. 4 ) and the extent of coupling (r = 0-82), it is possible that high intracellular cAMP levels are involved. This possibility is consistent with that proposed to account for FSH-and dbcAMP-maintained heterologous metabolic coupling in mouse oocyte-cumulus complexes (Salustri & Siracusa, 1983) and is supported by the fact that cAMP and phosphodiesterase inhibitors promote the proliferation of gap junctions or the opening of pre-existing ones in cultured cells (reviewed by Loewenstein, 1981) . Nevertheless, the extent of cumulus mass expansion undoubtedly also participated in the regulation of coupling by forskolin since the most marked increase in heterologous coupling occurred concomitant with total suppression of cumulus expansion (i.e. at 100 µ -forskolin) and expansion by itself has been shown to be sufficient to reduce coupling in mouse oocyte-cumulus complexes (Salustri & Siracusa, 1983) .
Forskolin maintained the meiotic arrest (Text- fig. 3 ) and elevated the cAMP content (Text- fig.  4 ) of denuded pig oocytes in a dose-dependent manner. These observations suggest that the pig oolemma possesses active catalytic subunits of adenylate cyclase and are consistent with those obtained for denuded mouse (Urner et ai, 1983; Schultz et ai, 1983b) , hamster (Racowsky, 1985) and rat (Olsiewski & Beers, 1983) oocytes. Compared with these other species, the pig oocyte exhibited a relatively high sensitivity to forskolin, as reflected by the dose required to maintain the meiotic arrest of 50% cultured oocytes (pig : 4-84 µ (Text-fig. 3) ; rat : 250-0 µ (Olsiewski & Beers, 1983) ; hamster: 65-0 µ (Racowsky, 1985) ; mouse: 2-5 µ (Urner et ai, 1983) (Racowsky, 1984) in a culture system identical to that used for the hamster study (Racowsky, 1985) and very similar to the system employed in the present experiments (the only difference being the substitution of Earle's salts for those of Hanks'). Rat oocytes cultured in different systems have exhibited either no sensitivity (Racowsky, 1984) or a very low sensitivity (Olsiewski & Beers, 1983) to forskolin.
With regard to meiotic arrest, cumulus-enclosed oocytes evidenced a greater sensitivity to forskolin than did denuded oocytes (Text- fig. 3 ; ID50 forskolin = 0-23 and 4-84 µ , respectively). In addition, while forskolin stimulated a significant dose-dependent increase in the cAMP content of denuded oocytes, this increase was less than that observed in cumulus-enclosed oocytes at all concentrations of forskolin tested (Text- fig. 4 ). Furthermore, a significant positive correlation was established between the content of cAMP within a group of cumulus masses and that in the corresponding group of enclosed oocytes (r = 0-58). These findings are consistent with those obtained from studies with forskolin and rat (Racowsky, 1984) and hamster (Racowsky, 1985) oocytes, and suggest that cAMP may be transferred from the cumulus mass to the oocyte. That the extent of heterologous metabolic coupling (Table 1 ) and the cAMP content of cumulus-enclosed oocytes (Text- fig. 4 ) increased dramatically between 10 and 100 µ -forskolin ( < 0001, paired t test for both) support this suggestion. Furthermore, the enhanced sensitivity of cumulus-enclosed oocytes to forskolin was dependent upon adherent cumulus cells and was correlated with elevated intra-oocyte cAMP ( Table 2) . As discussed previously (Racowsky, 1984 (Racowsky, , 1985 , however, the possibilities exist that the increased cAMP content of cumulus-enclosed oocytes was due to a cAMP-dependent action of the cumulus cells which stimulates oocyte adenylate cyclase when functional metabolic coupling is maintained, or to remnants of cumulus-cell processes remaining in the zona pellucida after denudation.
Consistent with the effects of forskolin on rat (Racowsky, 1984) and hamster (Racowsky, 1985) oocytes, the arresting action of the diterpene on pig oocytes was reversible (Table 3 ). These observations are consistent with previous demonstrations that forskolin stimulation of adenylate cyclase is reversible (Seamon et ai, 1981) . In contrast to other investigations of the effect of forskolin on mammalian oocytes, however, the arresting action of forskolin on pig oocytes was not transient, meiotic arrest being maintained for at least 48 h of continual exposure to forskolin (Table  5 ). This observation may reflect the different time required for germinal vesicle breakdown to occur in pig oocytes (6-8 h; C. Racowsky, unpublished observation) as compared with that in rat (1-5 h ; Dekel & Beers, 1980; Racowsky, 1984) and hamster (20 h ; Racowsky, 1985) oocytes. It is possible that the longer time before GV breakdown in liberated pig oocytes allows an increased buildup of cAMP to maintain meiotic arrest.
Although it seems likely that cumulus cAMP is transferred to the pig oocyte, three findings in the present study indicate that cAMP is not the sole mediator of forskolin-dependent meiotic arrest in the pig oocyte. Firstly, the increased sensitivity of cumulus-enclosed, as compared to denuded, oocytes was not attributable only to elevated intra-oocyte cAMP: there was no significant difference between the intra-oocyte cAMP content of the two types of oocytes cultured in medium containing up to 10 µ -forskolin (Text- fig. 4 ) but an elevation in the % GV of cumulus-enclosed oocytes occurred over this range of diterpene (Text- fig. 3 ). Secondly, reversal of forskolindependent arrest of cumulus-enclosed oocytes was not accompanied by a significant decrease in intra-oocyte cAMP compared with that in oocytes continually exposed to forskolin (Table 4) . Thirdly, the amounts of cAMP in maturing oocytes cultured for 24 or 48 h in control medium were not significantly different from those of arrested denuded oocytes cultured for 24 or 48 h in the presence of 50 µ -forskolin (Text-fig. 5 ). The present findings for the pig oocyte, therefore, do not support the hypothesis that meiotic resumption results from a reduction in intra-oocyte cAMP (Dekel & Beers, 1978 , but are consistent with the proposal that some 'factor' in the oocyte requires continual stimulation of adenylate cyclase to be generated and/or activated to maintain meiotic arrest. This proposition is compatible with the finding that no decrease in the content of intra-oocyte cAMP was observed when cumulus-enclosed pig oocytes were matured in culture (C. Racowsky, unpublished) . Whether the 'factor' is of cumulus-cell origin and modulates cAMPdependent meiotic arrest, as suggested for mouse (Schultz et ai, 1983a, b) and hamster (Racowsky, 1985) oocytes, remains to be determined. 
